Abstract Copper deficiency can cause a host of major cardiovascular complications including an augmented inflammatory response through effects on both neutrophils and the microvascular endothelium. In the present study, we evaluated the effect of marginal copper deficiency on the neutrophilic response to hepatic ischemia/reperfusion injury, a condition that induces an inflammatory response. Male weanling Sprague-Dawley rats were fed purified diets which were either copper-adequate (6.3 mg/kg) or copper-marginal (1.62 mg/kg) for 4 weeks prior to undergoing 90 min of partial hepatic ischemia followed by 8 h of reperfusion. Liver injury was assessed by serum levels of alanine aminotransferase and by liver histology. Liver neutrophil accumulation was determined by tissue myeloperoxidase content. There was no significant difference in liver injury between copper-adequate and coppermarginal rats. However, liver neutrophil accumulation was significantly increased in coppermarginal rats. These findings were confirmed histologically. Liver expression of the adhesion molecule, intercellular adhesion molecule-1 (ICAM-1), was increased in copper-marginal rats compared to copper-adequate rats. The results suggest that neutrophil accumulation is increased through enhanced ICAM-1 expression in liver of copper-marginal rats after ischemia/ reperfusion, but that this does not result in increased liver injury.
Introduction
Copper (Cu) is an important micronutrient that is essential for the normal function of mammalian enzyme systems. Cu plays a pivotal role as a co-factor for several metalloenzymes including Cu/zinc (Zn) superoxide dismutase (SOD), cytochrome c oxidase, lysyl oxidase, tyrosinase, ceruloplasmin, hephaestin, dopamine β-hydroxylase, and peptidylglycine α-amidating mono-oxygenase [1] . Although distinct Cu deficiency is rare in the clinical setting, marginal Cu deficiency can be a risk factor of various pathological conditions, such as immunocompromised and acute respiratory distress syndrome [2] . Moreover, idiopathic Cu deficiency in some specific conditions, such as use of long-term parenteral nutrition or tube feedings [3] [4] [5] , inappropriate Zn supplementation [6] , and malabsorption following bariatric surgery (e.g., Roux-en-Y gastric bypass) for severe obesity [7, 8] , has recently been reported.
We previously demonstrated that pulmonary inflammatory responses were augmented in Cu-deficient animals [9] . Dietary Cu deficiency caused activation of neutrophils and endothelial cells as evidenced by F-actin polymerization [10, 11] and increased neutrophil accumulation within the lung microcirculation through increased intercellular adhesion molecule-1 (ICAM-1) expression [9, 12] . Cu deficiency reduces Cu/Zn SOD activity leading to accumulation of reactive oxygen species. The reduced activity of Cu/ Zn SOD is representative of a general shift to a pro-oxidant environment in Cu-deficient animals that includes depression of other antioxidant enzymes [9, 13] . Cu/Zn SOD has been shown to be greatly reduced in liver during dietary Cu depletion compared to that of other organs [14] .
Liver ischemia/reperfusion (I/R) injury is a major cause of acute liver inflammation and associated with various clinical settings, such as hemorrhagic shock, liver resection, and transplantation [15] . It is widely accepted that there are two distinct phases of liver injury after I/R. The first phase of injury occurs during the initial hours after reperfusion and is related to the production of reactive oxygen species from Kupffer cells, leading to mild hepatocellular injury [16, 17] . The late phase injury is initiated by inflammatory mediators released by activated Kupffer cells and hepatocytes. These mediators, including IL-12, TNFα, and IL-1, induce the expression of CXC chemokines and adhesion molecules which recruit activated neutrophils from the liver microcirculation to the parenchyma [18] [19] [20] [21] [22] [23] . These neutrophils then directly injure hepatocytes and vascular endothelial cells through their release of oxidants and protease [16, 24, 25] . In the present study, we evaluated the effect of marginal Cu deficiency on the inflammatory injury response to hepatic I/R.
Materials and Methods
Animals and diet This project was approved by the University of Louisville Animal Care and Use Committee and was in compliance with the National Institutes of Health guidelines. Male weanling Sprague-Dawley rats were purchased from Charles River Breeding Laboratories (Wilmington, MA, USA). On arrival, rats were housed individually in stainless steel cages in a temperature-and humidity-controlled room with a 12:12-h light: dark cycle. The rats were given free access to distilled water and to one of two diets for 4 weeks. The basal diet was a casein-sucrose-cornstarch-based diet (TD84469, Teklad Test Diets; Madison, WI, USA) containing all known essential vitamins and minerals except for Cu and iron. The Cu-adequate (CuA) diet consisted of the basal diet (940 g/kg of total diet) with safflower oil (50 g/kg) and a Cu-iron mineral mix that provided 0.22 g of ferric citrate (16% iron) and 24 mg of CuSO 4 ·H 2 O/kg of diet. The Cu-marginal (CuM) diet was the same except for partial replacement of Cu with cornstarch in the mineral mix to provide 1.5 mg Cu/kg diet. Analysis of diets indicated average Cu concentrations of 6.30 and 1.62 mg of Cu/kg of diet for CuA and CuM diets, respectively. After consuming their respective diets for 4 weeks, rats were anesthetized with an intraperitoneal injection of sodium pentobarbital (65 mg/kg), and a midline laparotomy was performed. An atraumatic clip was used to interrupt blood supply to the left lateral and median lobes of the liver. After 90 min of partial hepatic ischemia, the clip was removed to initiate hepatic reperfusion. Sham surgery was performed on five rats from each diet treatment group. These rats underwent all surgical procedures except for the use of the atraumatic clip. Rats were sacrificed after 8 h of reperfusion, and blood and samples of the left lateral and median lobes were taken for analysis.
Myeloperoxidase assay Liver myeloperoxidase (MPO) content was assessed by methods described elsewhere [26] . Briefly, liver tissue (100 mg) was homogenized in 2 ml of buffer A (3.4 mmol/L KH 2 HPO 4 , 16 mmol/L Na 2 HPO 4 , pH7.4). After centrifugation for 20 min at 10,000×g, the pellet was resuspended in 10 vol of buffer B (43.2 mmol/L KH 2 HPO 4 , 6.5 mmol/L Na 2 HPO 4 , 10 mmol/L EDTA, 0.5% hexadecyltrimethylammonium, pH6.0) and sonicated for 10 s. After heating for 2 h at 60°C, the supernatant was reacted with 3,3′,3,5′-tetramethylbenzidine, and the optical density was read at 655 nm.
Blood and tissue analysis Blood was obtained by cardiac puncture. Serum was analyzed for alanine aminotransferase (ALT) by bioassay (Wiener Laboratories, Rosario, Argentina) as an index of hepatocellular injury. Liver tissues were fixed in 10% neutral-buffered formalin, processed, and then embedded in paraffin for light microscopy. Sections were stained with hematoxylin and eosin for histological examination. Liver and kidney Cu concentrations were determined with inductively coupled plasma emission spectrometry.
Western blot analyses Liver samples were homogenized in lysis buffer (10 mM HEPES, pH7.9, 150 mM NaCl, 1 mM EDTA, 0.6% NP-40, 0.5 mM PMSF, 1 μg/ml leupeptin, 1 μg/ml aprotonin, 10 μg/ml soybean trypsin inhibitor, 1 μg/ml pepstatin). Samples were then sonicated and incubated for 30 min on ice. Cellular debris was removed by centrifugation at 10,000 rpm. Protein concentrations of each sample were determined. Samples containing equal amounts of protein in equal volumes of sample buffer were separated in a denaturing 10% polyacrylimide gel and transferred to a 0.1-μm pore nitrocellulose membrane. Nonspecific binding sites were blocked with Tris-buffered saline (TBS; 40 mM Tris, pH7.6, 300 mM NaCl) containing 5% non-fat dry milk for 1 h at room temperature. Membranes were then incubated with antibodies to ICAM-1 (R&D Systems, Minneapolis, MN, USA) in TBS with 0.1% Tween 20 (TBST). Membranes were washed and incubated with secondary antibodies conjugated to horseradish peroxidase. Immunoreactive proteins were detected by enhanced chemiluminescence.
Statistical analysis All data are expressed as mean±standard error of the mean (SEM). Data were analyzed with a one-way analysis of variance with subsequent Student-NewmanKeuls test. Differences were considered significant when P<0.05.
Results

Establishment of copper deficiency
The degree of Cu deficiency was determined by measuring hepatic and renal Cu contents. Both liver and kidney Cu concentrations correlated with the respective dietary concentrations after 4 weeks of feeding. The hepatic and renal Cu concentrations were significantly decreased in CuM rats compared to CuA rats ( Table 1) .
Effect of marginal copper deficiency on liver I/R injury The degree of liver injury after I/R surgery was assessed by serum levels of ALT and by histological evaluation. There was no difference in serum ALT levels between CuA and CuM rats (Fig. 1) . Histologically, CuA rats displayed the typical pattern of severe hepatocellular necrosis and destruction of liver architecture (Fig. 2) . Injury in CuM rats was similar to that of CuA rats. However, there was evidence of increased neutrophil accumulation in the livers of CuM rats compared to CuA rats (Fig. 2) .
Marginal copper deficiency increases liver neutrophil accumulation after I/R To confirm the histological findings of increased neutrophil accumulation in livers of CuM rats, we processed liver tissue for analysis of MPO, a neutrophil-specific enzyme that is routinely used to quantitate the degree of neutrophil accumulation [26] . I/R caused a significant increase in tissue MPO content in CuA rats (Fig. 3) . However, MPO content in CuM rats was significantly higher than that observed in CuA rats, confirming increased neutrophil accumulation (Fig. 3) . To explore the potential mechanism for this effect, we examined the expression of the cellular adhesion molecule, ICAM-1, in liver tissues. ICAM-1 is an essential vascular cell adhesion molecule used by neutrophils for recruitment into the liver [27] . Western blot analysis demonstrated increased ICAM-1 expression in livers from CuM rats compared to CuA rats (Fig. 4) .
Discussion
Marginal Cu diets have been used in animal studies to simulate the Cu content of some Western diets [28, 29] . We have previously used the regimen of 1.5 mg Cu/kg diet for 4 weeks starting at weaning to study the cardiovascular effects of marginal Cu intake [30] [31] [32] . The effect of the marginal Cu diet on systemic Cu status in the current study (Table 1) is similar to our previous results with this diet. Previous work with this diet suggests that this concentration of Cu appears to be near the tipping point for several functional changes associated with inadequate dietary Cu. These changes include prolonged hemostasis [30] , diminished vasoreactivity [31] , and upregulation of the inflammatory protein COX-2 [32] . The diminished vasoreactivity is also seen in a long-term adult model of Cu deficiency [33] validating the use of the short-term weanling model. Based on these results, we used the 1.5-mg Cu/kg in the current study of hepatic inflammation. We previously demonstrated that dietary Cu deficiency can lead to an augmented inflammatory response in the lung [9, 12] . Dietary Cu deficiency had proinflammatory effects on both neutrophils and the microvascular endothelium that promoted neutrophilendothelial interactions associated with enhanced expression of CD11b adhesion molecule [9, 20] . The increase of neutrophil accumulation in the lungs of Cu-deficient rats is thought to be caused by loss of biomechanic deformability of neutrophils [10] . In liver I/R injury, neutrophils play a critical role in the inflammatory tissue injury [34] . We hypothesized, therefore, that the inflammatory response to liver I/R would be exaggerated by the proinflammatory effects of marginal Cu deficiency. Interestingly, acute liver injury was not different in CuM rats compared to CuA rat as indicated by serum ALT (Figs. 1 and 2 ). However, neutrophil accumulation was greatly increased in CuM rats (Figs. 2 and 3) . We also showed that liver ICAM-1 protein expression was enhanced in CuM rats (Fig. 4) . It has been shown that ICAM-1 plays an important role for neutrophil recruitment during the later phase of inflammation after ischemia reperfusion [27] .
In an earlier study, we demonstrated that lipopolysaccharide (LPS) does not affect the liver ICAM-1 expression in rats fed a Cu-adequate or completely Cu-deficient (CuD) diet [12] . Similarly, there was no difference in liver MPO activity between CuA and CuD rats without LPS stimulation, but MPO activity was significantly higher in CuA rats compared to CuD rats after LPS stimulation [12] . This discrepancy between those findings and our current data seem to be related to the stimulus (I/R vs. LPS). The liver is known to be highly resistant to LPS as a protective mechanism against intestinal translocation. I/R on the other hand is a direct and significant hepatocellular insult.
In contrast to our expectation, there was no difference in the degree of liver injury measured by serum ALT levels. Normally, neutrophils are primary contributors to I/R injury of the liver [34] and once sequestered in the hepatic parenchyma, cause hepatocyte damage through the release of oxidants and proteases [25, 35] . However, Cu-deficient neutrophils are known to be immature [36] , and the function of neutrophils and macrophages is suppressed in marginally Cu-deficient rats [37, 38] . Babu and Failla [37] showed that generation of superoxide anion (O 2 − ) and microbicidal activity of neutrophils were suppressed in marginally as well as severely Cu-deficient rats. Despite the developmental and functional defects of Cu-deficient neutrophils, inadequate Cu nutriture does not impair neutrophil adhesion to the endothelium but actually promotes sequestration [9, 12, 36] . These phenomena may help explain why we observed more neutrophils in the livers of CuM rats, but not an enhanced liver injury. Another explanation can be proposed in terms of host environment. Allen et al. showed that recovery of cardiac functions after I/R was improved in Cu-deficient rats rather than Cu-adequate rats [39] . Their interpretation of this observation was that adaptation to the Cudeficient conditions might induce "preconditioned" status for the stress of I/R in the hearts of Cu-deficient rats.
It is well known that Cu deficiency results in anemia and suppression of Cu-dependent antioxidant enzymes. Anemia can induce adaptation to hypoxic condition and therefore resistance to ischemic damage. In addition, chronically suppressed antioxidant enzyme activity may enhance other antioxidant systems, which can reduce injury caused by oxidative stress during reperfusion [39] . Therefore, it could be speculated that some cytoprotective mechanisms which might have occurred in the hearts of the previous study were also induced in the liver and caused relatively less injury in spite of more neutrophil accumulation in CuM rats compare to CuA rats.
In conclusion, the present study demonstrates that marginal Cu deficiency significantly enhances neutrophil accumulation in liver, but not liver injury after I/R. Increased neutrophil accumulation is associated with enhanced ICAM-1 expression in the livers of CuM rats. Further investigation is needed to clarify the role of Cu and the influence of Cu deficiency on liver pathophysiology.
